Concerns regarding consequences of hazardous chemical accidents and children's environmental health have increased substantially in recent years. The objectives of this paper are to: ( a ) demonstrate a methodology for identifying areas potentially exposed to accidental releases of hazardous substances in a large metropolitan region ( Hillsborough County, Florida ) ; ( b ) examine the number and type of schools and school children at risk; and ( c ) explore the relationship between potential exposure levels and school enrollment patterns in the region. Methods based on the integration of environmental modeling and geographic information systems ( GIS ) technology are used to achieve these goals. The results indicate that almost 80% of schools and enrolled students in the study area is potentially exposed to worst -case accidents. Compared to elementary school children, a higher proportion of middle school children and a lower proportion of high school students are exposed to multiple releases of hazardous chemicals. A significant and negative association is observed between exposure levels and school enrollment size, which suggests fewer children in regions of highest exposure.
Introduction
Public awareness and concern regarding accidental emissions of hazardous substances have increased over the last two decades, as dangerous chemical accidents have occurred throughout the US. Approximately one in every six Americans currently resides in a zone that is vulnerable to hazardous material accidents ( Philips and Gray, 1996 ) . Several programs and regulatory policies have been introduced by the federal government in response to this growing public anxiety. The Superfund Amendments and Reauthorization Act ( SARA ) was passed in 1986 to improve planning and preparation for chemical emergencies. The Clean Air Act of 1990 was amended to include several provisions regarding the prevention of accidental releases and public disclosure of risk. Section 112 (r ) of the Clean Air Act required the US Environmental Protection Agency (USEPA ) to develop a list of hazardous substances that cause death, injury, or adverse effects to human health when accidentally released. A subsequent mandate of the Risk Management Program for Chemical Accident Release Prevention of USEPA (1996 ) required all facilities that store or use any of these substances to analyze potential consequences of accidental emissions.
Concerns regarding the environmental health and safety of children have also received considerable attention in recent years from the news media, academic scholars, and policy makers. In 1997, for example, President Clinton signed the Executive Order on the Protection of Children from Environmental Health Risks and Safety Risks, which made the protection of children's health a key goal of public health and environmental protection in the US. The Office of Children's Health Protection was created by the USEPA in 1997 to support the implementation of the Executive Order. A large number of epidemiological studies have also examined children's exposure to specific hazards such as lead pollution (e.g., Needleman and Gastonis, 1990 ) , pesticides ( e.g., Reigart, 1995 ) , air pollution ( e.g., Woodruff et al., 1997 ) , or drinking water disinfection byproducts (e.g., Raymer et al., 1999 ) .
Although their residential locations are relatively dispersed, most children in the US are confined to school locations for extended periods of time during the day. Yet, very little is often known about the potential technological and environmental dangers that threaten school populations without warning. A school building, for example, might be located a few blocks away from an industrial plant that contains tankers full of hazardous materials. Chemical accidents frequently occur with little or no warning, and toxic clouds from ruptured tankers could cause an immediate and significant health crisis. In spite of differ-ences in the route of exposure, type of toxicant, and age, research has shown that children are more susceptible to environmental hazards than adults (e.g., National Research Council, 1993; Bearer, 1995; Akland et al., 1999 ) . In addition, their evacuation needs in an actual accident or emergency are significantly different than those of the general population (McMaster, 1990 ) . Few studies, however, have examined school locations and populations with respect to the spatial distribution of potential hazardous chemical releases.
The objective of this paper is to develop and implement a methodology that can be used to assess the potential exposure of schools and school children to accidental releases of hazardous substances. Methods based on the integration of environmental modeling and geographic information systems (GIS ) technology are used to determine: (a ) the geographic boundaries of areas potentially exposed to releases of extremely hazardous substances; and (b ) the type and number of schools and enrolled students at risk, based on a case study conducted in Hillsborough County, Florida. The methodology used in this research is consistent with the recent USEPA guidelines ( USEPA, 1998 ) for modeling worst -case releases of hazardous chemicals. The nature and strength of the relationship between the spatial distribution of potential releases and school enrollment patterns in the study area are also investigated. A randomization test is developed and used to measure the statistical significance of the observed association.
Methods
The benefits of using GIS technology for environmental risk assessment are well documented (e.g., McMaster et al., 1997; Nyerges et al., 1997; Chakraborty et al., 1999) . GIS allows for the integration of multiple date sources, visual representation of complex geographic data, and the application of various spatial analytic techniques (Sheppard et al., 1999 ) . This technology has been utilized extensively in the past decade for estimating the geographic extent of areas potentially exposed to a hazard. The most common application consists of constructing a circular buffer of a specified radius centered at a point location that represents a pollution source. Several studies have relied on GIS -based circular buffers around polluting facilities to estimate areas and populations at risk (e.g., Glickman, 1994; Newmann et al., 1998; Perlin et al., 1999; Sheppard et al., 1999 ) .
There are, however, several limitations associated with the application of the circular buffer approach. The radius of the circles is typically chosen arbitrarily ( e.g., as 1 mile or 1000 yards ) and is not based on the number, quantity, or toxicity of the substances stored at each individual facility ( Chakraborty and Armstrong, 1997 ) . Living 1 mile from a facility that stores 1,000,000 lb. of a hazardous substance, for example, may be significantly different than residing 1 mile from another facility containing only 1000 lb. of the same substance. In addition, a facility with 1000 lb. of sulfur dioxide is unlikely to have the same adverse effect as a facility storing 1000 lb. of chlorine. The buffer methodology used in prior studies also fails to distinguish between facilities with only one hazardous chemical and those storing several chemicals. It is important to consider that a single accident at a facility often causes the release of multiple substances. According to the Agency for Toxic Substances Disease Registry (ATSDR ) database, 23% of reported accidents at fixed facilities results in the release of more than one chemical, and 5.7% of accidents results in the release of at least five chemicals (Hall et al., 1994 ) . The risk imposed by a facility storing a single hazardous substance cannot be assumed to be similar to the risk imposed by a facility with several substances.
These limitations suggest that the circular buffers of uniform radius around all facilities may not effectively represent the spatial extent of areas vulnerable to health risk, should an accidental release occur. Two improvements to buffer analysis are introduced in this paper to overcome some of these limitations. First, multiple circles are constructed at each hazardous facility in the study area, based on the number of substances stored on-site. Second, the maximum possible impact distance associated with each substance is used as a radius for constructing the circle. The unique properties and quantity of each hazardous substance at each facility are thus incorporated in the delineation of areas at risk.
Study Area and Data Sources
Hillsborough County, Florida, was used as a study area for implementing the new methodology. The large student enrollment and the diversity of hazardous substances stored and transported within this urban area made this county an appropriate choice for this research. Hillsborough County occupies approximately 1073 square miles on Florida's west central coast, and the estimated (1999 ) county population is about 939,070. This metropolitan county includes the city of Tampa, and two incorporated areas, Temple Terrace and Plant City.
Extremely hazardous substances are those that are known to cause death, injury, or serious adverse effects to human health and the environment, in the event of an accidental release ( USEPA, 1994 ) . The complete list of these substances, developed and published by the USEPA (1994) in response to section 112 ( r) of the Clean Air Act, contains 77 toxic chemicals and 63 flammable substances. Information on facilities that store, handle, process, or use any of these extremely hazardous substances (EHS facilities ) in Hillsborough County was obtained from the Risk Management Plans (RMPs) submitted by each facility in 1999 to meet the requirements of the USEPA's Risk Management Program ( 1996 ) mandate. This information is now available on the Internet as a part of the EPA Envirofacts webpage (USEPA, 2000 ) . The RMPs provided the name and street address of each facility, as well as the types, quantities, and properties of each hazardous substance stored on-site. A preliminary analysis revealed that there are 39 such facilities in Hillsborough County that contain a total of 52 regulated substances. The names of these substances are provided in Table 1 , along with the number of facilities storing each chemical and the respective quantities. The most common hazardous substances found in the study area are anhydrous ammonia and chlorine. Anhydrous ammonia is clearly the substance stored in the largest quantity, comprising almost 94% of the total quantity found in the county. Facilities containing the largest amounts of hazardous chemicals are located near the Port of Tampa, a major seaport that specializes in shipping phosphate.
Location and enrollment information (1999) for schools in the Hillsborough County Community School District was obtained from the SchoolMatch website, which contains a national directory of all public schools and school systems in the US ( Public Priority Systems, 2000 ) . The data set for Hillsborough County consisted of a total of 156 schools: 102 elementary schools, 35 middle schools, and 19 high schools. Educational facilities for children with special learning needs were not included in the analyses. According to the school board, enrollment in these facilities is typically low and unstable, changing frequently during the school year. The total student enrollment ( 1999 ) for the 156 schools included in the case study was 153,641; approximately 16.4% of the total county population. Almost 50% of these students attended elementary schools, 24% attended middle schools, and the remaining 26% attended high schools.
The digital representation of the street network for the study area was extracted from the 1998 Census TIGER / Line files. The locations of schools and EHS facilities were geocoded to the street network of the study area. This operation was performed on the basis of street address information using the address-matching capabilities of GIS software. The subsequent research methodology can be summarized in the form of the following steps:
o developing worst -case release scenarios for each hazardous substance at each EHS facility in the county; o computing the worst -case (maximum ) impact distance for each hazardous substance at each facility; o using these distances as radii to construct GIS -based circular buffers around locations of all EHS facilities in the county; and o estimating the number and type of schools and enrolled students within each circular buffer using the point -inpolygon capabilities of GIS software.
Details of the Methodology
The first step was to prepare worst -case chemical accident scenarios for each hazardous substance stored at each EHS facility in the county. The methods for developing and modeling worst -case releases were based on guidelines provided by the USEPA's Offsite Consequence Analysis Guidance ( USEPA, 1998 ) , a manual designed to help facilities conduct analyses of offsite consequences of accidental releases in accordance with the requirements of the Risk Management Program (1996 ) mandate. A different set of worst -case scenarios was used for modeling each category: toxic substances and flammable substances.
Toxic Substances For all toxic substances, a worst -case release is defined by the USEPA ( 1998 ) as the release of the largest possible quantity of a regulated substance from a vessel or process line failure that travels the greatest distance in any direction to a specified endpoint, before dissipating sufficiently to become harmless. According to the USEPA guidelines (USEPA, 1998, p. 2 ), all worst -case releases of toxic chemicals occur at ground level under a set of specific weather conditions that include:
o a stable ( class F ) atmosphere; o wind speed of 1.5 m /s; o the highest daily maximum outdoor temperature in the last 3 years (988C ); and o the average daily humidity for the same 3-year period (77% ).
For all toxic gases, and those handled as liquids under pressure, the entire quantity stored on -site was assumed to be released as a gas in 60 min ( continuous release ). The USEPA guidance document provides two choices for surface roughness or topography: rural, an area with no Exposure of school children to hazardous substances Chakraborty buildings in the immediate area and unobstructed terrain, or urban, an area with many obstructions. Given the location of the EHS facilities in this metropolitan county, the ''urban'' option was selected for the analyses. This set of assumptions and local weather information was used to develop worst -case release scenarios for all toxic substances at each facility in the county. It is important to consider, however, that the weather conditions causing the greatest possible endpoint distances are unlikely to occur throughout the year. In Hillsborough County, these conditions ( e.g., the highest daytime temperature and lowest wind speed ) are typically recorded at the beginning of the school year, during the months of August or early September (NOAA, 1999) . A chemical dispersion model was used to compute the maximum release distance associated with each worst -case scenario. Dispersion models typically combine data on the quantity and properties of a released chemical with sitespecific information and atmospheric conditions to estimate the shape and size of the area that would be affected by a chemical's spreading plume. The Areal Locations of Hazardous Atmospheres ( ALOHA ) model used in this research was developed by the National Oceanic and Atmospheric Administration and the USEPA, and is wellsuited for estimating plume extent and concentration for short -duration chemical releases ( NOAA and USEPA, 1996 ) . This model provides estimates of pollutant concentrations downwind from the source of a release, taking into account the following information: the toxicological and physical characteristics of the released substance, the physical characteristics of the accident site, weather conditions, and the circumstances of the release ( release rate ) . ALOHA contains two separate dispersion modules: Gaussian and heavy gas. The Gaussian dispersion model is used to describe the movement and spread of a gas that is neutrally buoyant ( approximately the same density as air ). The heavy gas model is applied when the density of the released gas is substantially higher than the density of air. The ALOHA model uses the molecular weight of the chemical to choose the appropriate dispersion model. The diagram produced by the model illustrates the top view of the plume and is referred to as the plume's ''footprint'' ( Figure 1) . The area inside the footprint is the region predicted to have ground -level concentrations above a user-specified limit or threshold concentration.
The threshold values for each toxic substance in this research were based on the Immediately Dangerous to Life and Health (IDLH ) level, a limit established by the National Institute for Occupational Safety and Health ( NIOSH ). A chemical's IDLH is defined as the maximum concentration in the air to which a healthy worker could be exposed without suffering permanent or escape -impairing health effects ( NIOSH, 1994 ) . The IDLH values were used as threshold concentrations in the ALOHA model to generate plume footprints at each EHS facility in the study area, on the basis of the worst -case release scenarios. The distance between the source and the endpoint of the footprint represented the maximum release distance ( Figure  1 ) for each substance.
Flammable Substances For worst -case releases of flammable gases and liquids, the release rate is not taken into consideration (USEPA, 1998 ). The total quantity of the flammable substance is assumed to be in the flammable part of the vapor cloud, and the cloud is assumed to explode. Although dispersion models can compute endpoint distances for toxic substances, they cannot be used to model fires and explosions ( NOAA and USEPA, 1996 ) . The equation recommended by the USEPA for vapor cloud explosion analysis of flammable substances is based on the TNT equivalency method of the UK Health and Safety Executive, as presented in the publication of the Center for Process Safety of the American Institute of Chemical Engineers (1994) . The endpoint associated with the explosion of a flammable substance is an overpressure of 1 lb /in. 2 ( psi ). This endpoint distance is calculated as:
where D =distance to overpressure of 1 psi ( m ); W f =weight of flammable substance ( kg ); HC f =heat of combustion of flammable substance (kJ/ kg) ; HC TNT =heat of combustion of trinitrotoluene ( 4680 kJ/kg ) . The factor 17 is a constant for damages associated with 1.0 psi overpressures, and the factor 0.1 represents the assumption that 10% of the total quantity of the substance is involved in the explosion. Both these factors represent 
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Exposure of school children to hazardous substances conservative worst -case assumptions, according to the American Institute of Chemical Engineers. This formula was used to estimate worst -case impact distances for the two flammable substances found in Hillsborough County, propylene and acetylene.
GIS -Based Circular Buffer Analysis
To estimate the spatial extent of areas exposed to accidental releases of hazardous substances, circular buffers were constructed at each EHS facility, using the buffer generation capabilities of GIS software. The radius of each circle was equal to the endpoint (worst -case ) distance associated with each toxic or flammable substance stored at that location. This approach allowed the creation of multiple worst -case circles centered at each EHS facility, based on the number of substances stored on-site. As a consequence, some areas of the county were enclosed by more than one circle, originating from either the same facility or different facilities.
Results
The analytical capabilities of GIS software were used to consolidate and aggregate the overlapping circular buffers, and estimate the number of worst -case exposures associated with each region within the county. Figure 2 provides a visual representation of the cumulative effect of multiple worst -case releases in Hillsborough County, and the geographic distribution of schools. The entire county is clearly not exposed to equal risk; certain areas ( e.g., the Port of Tampa area ) and schools are potentially exposed to more chemical accidents than others. The number of potential releases associated with an area was computed by adding the number of circles enclosing the area. The number of worst -case exposures was grouped into five classes (potential exposure levels ), as displayed on the map.
Cumulative Exposure Assessment The next step was to estimate the total land area, the number and type of schools, and enrollment associated with each potential exposure level. The results of the analyses are summarized in Table 2 . The table indicates that 56.8% of the land area in Hillsborough County, 34 (21.8% ) schools, and only 19.6% of enrolled students are not exposed to a worstcase release of a hazardous chemical. On the other hand, 2.1% of the land area, six (3.5% ) schools, and 4165 (2.7%) school children are potentially exposed to at least 11 worst -case accidents.
The table can also be used to assess potential exposure by type of school. Areas exposed to five or more releases contain 28 elementary schools and 10 middle schools, but only one high school. Consequently, 21.1% of all elementary school students and 19% of middle school students are potentially exposed to five or more worst -case events, compared to only 4.4% of high school students. No high school student is Figure 2 . School locations and hazard surface representing cumulative effect of multiple worst -case releases in Hillsborough County, Florida.
exposed to more than seven releases, while 10.1% of elementary school children and 19% of middle school students are exposed to eight or more releases. Figure 3 provides cumulative percentages for land areas, schools, and enrolled students, respectively. According to the graph, almost 44% of the land area, 78% of schools, and 80% of school children in the county are potentially exposed to at least one worst -case release. Only 9% of the land area, but 25% of schools, and 16% of students are potentially exposed to five or more worst -case releases. The horizontal bar ( Figure 3 ) representing enrolled students is broken down in Figure 4 by type of school. Figure 4 also depicts the relative proportion of elementary, middle school, and high school students in Hillsborough County as a whole, and provides a basis for comparing the other bars. Several changes in the composition of the bars can be observed as the degree of exposure increases. Areas exposed to a large number of potential releases contain a relatively high proportion of middle school students and a very low proportion of high school students, compared to their countywide proportions. The percentage of elementary school children, in contrast, remains relatively constant and similar to the county percentage.
The exposure assessment methodology demonstrated in this application enables us to cumulate the effects of multiple releases of hazardous chemicals. The uniform circular buffer methodology from prior studies, however, would provide a different view of the risk burdens. Figure 5 , for example, depicts circular buffers with an arbitrarily chosen radius ( 2 miles ) around each EHS facility in the study area. A comparison with the hazard surface ( Figure  2 ) indicates that uniform circular buffers fail to distinguish between different EHS facilities in terms of the number, quantity, and toxicity of substances stored on-site. A facility in the Port of Tampa area containing 10,000,000 lb. of anhydrous ammonia appears to affect the same area as a smaller suburban facility storing only 2000 lb. of ammonia. Irrespective of the radius chosen, a school located inside the buffer zone in Figure 5 could be potentially exposed to several chemical accidents, or none at all, depending on the quantity and endpoint distance associated with each chemical at these facilities.
Relationship Between Potential Exposure and School Enrollment Patterns
The final objective of the paper was to explore the relationship between the geographic distribution of potential exposure and school enrollment patterns in the study area. A visual assessment of this relationship can be made from Figure 6 , which depicts the type and relative enrollment sizes of all schools in the county. The map indicates that high schools with large enrollment sizes are typically located in areas exposed to fewer potential releases. Areas Table 2 . Areas, schools, and enrolled students potentially exposed to worst -case releases of hazardous substances, Hillsborough County, Florida, 1999. exposed to 11 or more releases, in contrast, contain only elementary and middle schools with low enrollment. Correlation analysis was used to measure the direction and strength of the association between potential exposure level and enrollment size of schools. Since the dependent variable ( potential exposure level ) actually represented ranks instead of absolute values, Spearman's rank correlation coefficient (r s ) was used for this assessment. Each school in the county was ranked on the basis of ( a) enrollment size and ( b) number of potential releases, and the correlation between ranks was computed for this paired data set ( n= 156 ). A coefficient (r s ) of À 0.322 was observed for the study area, indicating a negative association between the degree of exposure and enrollment size.
A randomization test was then implemented to determine the statistical significance of the observed rank correlation ( À 0.322 ). Randomization is a methodology for simulating the distribution of a sample statistic, based on the unique characteristics of the case being analyzed ( Sheppard et al., 1999 ) . This technique is a form of ''distribution-free'' test that has been used in numerous studies to measure the significance of various geographic distributions (e.g., Hubert et al., 1981; Fisher and Langford, 1995; Besag and Diggle, 1997; Sheppard et al., 1999 ) . Several scholars have even used this approach to specifically examine the significance of correlation coefficients (e.g., Openshaw and Taylor, 1979; McLafferty, 1982 McLafferty, , 1984 . In this study, the following hypothesis was investigated: Is the observed rank correlation between the degree of exposure and school enrollment unusually low, in comparison to what might have resulted by chance? This hypothesis was tested by comparing the observed rank correlation ( À 0.322 ) to the frequency distribution of r s values that are possible in this study area. This frequency distribution for Hillsborough County was generated using the following steps:
o Student enrollment totals from each school were distributed randomly among locations of the same school type ( elementary, medium, and high ). This implied, for example, that high school totals could be randomly assigned only to high school locations. A uniform probability distribution was used for each school type to ensure that each enrollment value had an equal likelihood of being selected. o After the random allocation, the rank correlation ( r s ) between potential exposure level and enrollment size was computed based on all schools in the county (n =156 ).
o The procedure was repeated 3000 times, and the rank correlation (r s ) was recorded for each random allocation to obtain 3000 values of r s .
The analysis of 3000 random enrollment patterns indicated that r s values range from a minimum of À 0.346 to a maximum of 0.311. Figure 7 provides the frequency distribution of these 3000 values, as well as the location of the actual or observed value ( À 0.322) on the distribution. The r s value was lower than À 0.322 in only nine of the 3000 simulations. This implies that the probability of any random enrollment pattern in the study area yielding a correlation coefficient smaller than the observed value is low enough ( P= 9/ 3000 = 0.003 ) to reject the null hypothesis of no correlation. The observed correlation between enrollment size and potential exposure to accidental releases is significantly smaller than zero, even at the 0.01 level of significance. A significant negative correlation suggests that regions potentially exposed to a large number of worst -case releases in the county have low student enrollment, and vice versa. This is consistent with the geographic distribution of enrollment observed in Figure 6 , and also with the previous findings that revealed the presence of elementary and middle schools (low enrollment ) and the complete absence of high schools in areas exposed to more than 10 releases.
Concluding discussion
Increased awareness and anxiety regarding the consequences of hazardous chemical accidents in the US have created a growing need to develop models and methods that can be used to determine areas and vulnerable populations at risk. If schools are located in an area with a high probability of exposure to accidental releases of hazardous substances, this must be considered by engaging emergency personnel and identifying appropriate evacuation routes. In this context, the methodology developed in this research is capable of providing valuable assistance to both decision makers and emergency responders. The case study demonstrates how pollution models can be used in conjunction with GIS technology to estimate and visualize the spatial patterns of potential exposure to accidental releases of hazardous substances.
Compared to prior studies that used uniform circular buffers, a more refined exposure assessment is possible by incorporating the number, type, toxicity, and volume of substances stored at each facility. A comprehensive view of the risk burden imposed on schools and school children in the study area is obtained by cumulating the effects of multiple facilities in the study area and multiple substances at each facility.
The results indicate that almost 80% of schools and school children in Hillsborough County are potentially exposed to worst -case releases of hazardous substances. Areas facing the greatest exposure contain several elementary and middle schools, but no high schools. As the degree of potential exposure increases, the proportion of middle school children increases and the proportion of high school students decreases. The analyses also revealed a negative and statistically significant correlation between potential exposure level and school enrollment size. This confirms that areas within the county that are most vulnerable to chemical accidents contain schools with low enrollment or fewer children.
The results of the study, however, should be interpreted with several assumptions and limitations in mind. First, the actual health effects of worst -case releases were not examined in this research. Although a growing number of epidemiological studies ( see Elliott et al., 1992; Steenland and Savitz, 1997 ) have analyzed the public health impacts of exposure to hazardous substances, there is limited knowledge regarding the synergistic effects of different combinations of chemicals. Additional research should incorporate these considerations and investigate the health effects of multiple simultaneous releases on school children. Second, the threshold concentrations (IDLH values ) used in the dispersion model to estimate worst -case distances consider only adults, since these estimates are based on epidemiological studies of workplace exposure. The USEPA is currently addressing this issue by identifying a group of chemicals that could be more hazardous to children. Although limited data are currently available on specific threshold limits for children, future analyses should incorporate appropriate child -specific exposure parameters. Finally, worst -case exposure is the only type of potential exposure examined in this research. It is important to consider that hazardous substances are often stored under conditions that result in different release probabilities. Future research will focus on using more detailed facilityspecific information in conjunction with local weather conditions to analyze more realistic, or most likely, release scenarios.
